In this paper, a novel method for rain rate estimation is researched by polarimetric phase shift of the Global Navigation Satellite System (GNSS). The physical process of GNSS signals propagating through rain-filled medium is investigated, by which the cause of polarimetric phase shift is explored. Then, a theoretical model between polarimetric phase shift ∆φ and rain rate R is established and simulated, which is based on the oblate spheroid raindrop model, four different popular raindrop size distribution models and raindrop canting angle distribution across the Space-Earth rain path. Additionally, effects of raindrop size distribution, rain path length, raindrop canting angle and temperature on the ∆φ-R relation are discussed systematically. Other factors in the slant path such as ice crystals, melting particles and ionosphere are also researched preliminarily. The results show that polarimetric phase shift of GNSS signals, which has a strong correlation with rain rate, can be used to estimate the rain rate, and these influencing factors, raindrop size distribution, rain path length, raindrop canting angle and temperature, are quite important in the process of rain rate measurement. It can be also found that the effect of ice crystals can be negligible, while that of melting particles should be considered, and though ionosphere effects are not obvious, the ionospheric anomalies cannot be neglected in future experiments. This method has potential applications in real-time, continuous, extreme precipitation reconnaissance and numerical weather prediction.
Introduction
Polarimetric characteristics of a microwave, when it propagates through a region containing raindrops, have been of great concern in many fields such as radio communication, remote sensing, and radar meteorology [1, 2] . Especially in radar meteorology, as the past decades have witnessed the rapid development of the polarimetric weather radar technique, rain rate estimation from radar polarization parameters has been investigated extensively and intensively [3] [4] [5] . The radar polarization parameters, such as differential reflectivity (Z DR ), linear reflectivity difference (Z DP ), as well as specific differential phase (K DP ), for improving rain rate estimation can be successfully measured [6] [7] [8] .
The enlightenments we can achieve from the proposed polarimetric radar techniques are: (1) The change of the polarization information of a microwave along a propagation link in a rain area can be employed to detect the rain rate; (2) The polarimetric phase shift of a microwave, namely the phase change, is a type of effective information to calculate the rain rate at lower frequencies [7] .
However, in radar meteorology, its theoretical research mainly focuses on backward scattering characteristics of cloud particles or rain particles in the S-, C-and X-band, while the forward scattering properties of rain particles in the L-band, especially the forward-scattering polarimetric properties, have been investigated very little. Furthermore, the rain-induced polarimetric properties of GNSS signals, which are right-hand circularly polarized (RHCP) microwaves at frequencies from 1.164 GHz to 1.6155 GHz belonging to the L-band [9] , have been systematically studied very little.
Since GNSS constellation has the advantages of low cost, high precision, 24 h availability and worldwide coverage, research on applications of GNSS signals in earth sciences have been booming over the past several decades. Some important parameters of atmosphere and ocean, such as total electron content (TEC), Integrated Water Vapor (IWV), atmospheric temperature and moisture profiles, and sea surface wind field can be detected from GNSS signals [10, 11] . Moreover, a polarimetric concept employing GNSS Radio-Occultation (RO) signals to detect heavy rain was first proposed by Cardellach et al. [12] . The concept will be tested on a spaceborne experiment aboard a Low Earth Orbiter, in the Radio-Occultation and Heavy Precipitation (ROHP) experiment aboard the Spanish Earth Observation satellite PAZ [13] .
Extending the research by Cardellach et al. [12, 13] , this paper intends to probe into the influencing factors on rain rate estimation by GNSS polarimetric phase shift in theory, which will play an important role in the design of measuring equipment, the implementation of experiments and the future data processing algorithms. Section 2 describes the physical-mathematical relationship model between polarimetric phase shift and rain rate using the oblate spheroid raindrop model, four different raindrop size distribution models and raindrop canting angle distribution across the Space-Earth rain path. The relation between the polarimetric phase shift of GNSS signals and rain rate is discussed in detail in Section 3; the effects of raindrop size distribution, rain path length, raindrop canting angle and temperature on the polarimetric phase shift and rain rate relation model are investigated systematically; we also investigate the effects of ice crystals, melting particles and the ionosphere. Finally, some practical conclusions are drawn in Section 4.
Methods
Due to the nonspherical shape of the falling raindrops, and the tendency for raindrops to align in a particular direction at one time (canting angle) [14] , GNSS polarimetric phase shift occurs. Polarimetric phase shift, namely the phase difference between the horizontally and vertically polarized components, can be expressed as ∆φ " φ h´φv (1) where ∆φ is in millimetres, φ h and φ v denote the horizontally and vertically polarized phases, respectively.
Nonspherical Raindrop Shape Model
In the calculations, information on the raindrop shape is necessary. In the past, the nonspherical raindrops model had been investigated by several experts [15] [16] [17] . There are various models to describe the shape of nonspherical raindrops, of which a Beard and Chuang (BC) model obtained by Beard and Chuang [15] is more precise and widely utilized in many researches. The axis ratio (ratio of minor to major axes) of the BC model can be expressed by a fourth-order polynomial as 
which is in good agreement with the numerical results of the BC model [18] . In Equation (2), r eq is the radius of the equivolumic spherical drop in units of millimeters (0 ă r eq ď 3.5); a and b represent the minor and major axes of oblate spheroid drops, respectively.
Due to various aerodynamic forces acting on them, the axes of nonspherical raindrops will cant from the vertical direction. The canting angles of raindrops subsequently form an angle distribution. A Gaussian distribution for instantaneous canting angle θ is assumed with a mean angle θ 0 and a standard deviation of σ θ . If the standard deviation is 0˝, all the rain canting angles will have a fixed orientation.
Raindrop Size Distribution
Rain rate estimation fundamentally requires some knowledge of the raindrop size distribution. The raindrop size distribution is variable in both spatial and temporal variations and shows dependence on geographical location, local climate and precipitation type [18] . Therefore, the raindrop spectra have infinite theoretical distributions [19] . Nevertheless, it has been found that they can be generally fitted to some mathematical models, such as Exponential distribution [20] , Gamma distribution [21, 22] , Lognormal distribution [23] and Weibull distribution [24] . These models with different parameters are often used and investigated by many authors, so they will be assumed and used here. Expressions and assumed parameters of these raindrop size distributions for theoretical research are shown in Table 1 . 
Model Expressions and Assumed Parameters
Exponential:
Gamma:
Lognormal:
N prq "
In Table 1 , r is the radius of the equivolumic spherical drop in millimeters; N(r)dr is the number of drops of size r to r + dr; R is the rain rate in mm¨h´1. Here, the maximum acceptable value of rain rate R is set up to 150 mm¨h´1. From Table 1 , it can be seen that since some parameters are functions of the rain rate, the raindrop size distribution is connected with the rain rate.
Calculation Model of Polarimetric Phase Shift
Polarimetric phase shift can be calculated from
where L is the path length through the rain-filled medium; K DP is the specific differential phase in mm¨km´1. The rain-induced K DP across Space-Earth links can be obtained from the following expression [25] :
In Equation (4), λ is the wavelength of GNSS signals; σ θ denotes the standard deviation of the canting angle distribution; r eq is the radius of the equivolumic spherical drop in millimeters; Npr eis the raindrop size distribution; f h and f v are the forward-scattering amplitudes in the horizontal and vertical direction, respectively. Typically, the forward-scattering amplitudes for nonspherical drops can be obtained using Rayleigh Scattering Approximation, Boundary Element Method (BEM), Discrete-dipole approximation (DDA), Point Matching (PM), Fredholm Integral Equation, T-matrix and Generalized Multipole Technique software (GMT) [26] [27] [28] [29] [30] .
By utilizing the above methods, a physical-mathematical relationship model between GNSS polarimetric phase shift ∆φ and rain rate R can be set up. The feasibility of using the specific ∆φ´R relation to estimate the rain rate will be discussed and some important influencing factors will be also analyzed in the following section.
Results and Discussion

Variations of Polarimetric Phase Shift with Rain Rate
Since the frequencies of GNSS signals are in the L-band, the raindrop scattering is in the range of applicability of the Rayleigh scattering hypothesis. Therefore, polarimetric phase shift can be calculated using the Rayleigh Scattering Approximation theory for oblate raindrops at the rain rate between 1 and 150 mm¨h´1. The United States' Global Positioning System (GPS), which has two frequency bands known as L1 (1.57542 GHz) and L2 (1.2276 GHz), will be employed in this paper.
Values for the refractive index of water are evaluated at different frequencies of incident electromagnetic waves and temperatures from equations given by Ray [31] . The temperature of 20˝C is used. The elevation of the GPS satellite is assumed to be 0˝in the condition of GNSS Radio-Occultation, at which the polarimetric phase shift is probably the most intense [12] . Since the Gamma distribution is widely accepted and used by radar meteorologists and other researchers to model natural raindrop size distributions [4, 15, 32] , it is chosen in the simulation. Figure 1 presents the dispersive characteristics of polarimetric phase shift experienced by a 20-km-long, uniformly filled rain path for rain rates from 1 to 150 mm¨h´1 at the L1 (1575.42 MHz) and L2 (1227.60 MHz) frequencies of GPS signals using a distribution of canting angles of 0˝with a standard deviation of 0˝. The results show that the polarimetric phase shift goes up smoothly with the increasing rain rate. This is due to the fact that heavy rain has more large nonspherical raindrops which can, as a result, cause more phase shift [17] . The results are also in consistent with the description by Al-Rizzo et al. [33] and Cardellach et al. [13] . In addition, we also note that the polarimetric phase shift's tendency is similar at different frequencies. However, there are some other factors such as ice crystals, melting particles and the ionosphere which may cause polarimetric phase shift at slant paths. They will be estimated preliminarily in this section. Figure 1 indicates that the rain polarimetric phase shift of GNSS signals is sensitive to the rain rate. Therefore, rain rate estimation based on ∆φ´R relation is theoretically feasible.
Effect of Raindrop Size Distribution
From Equation (4), the raindrop size distribution is quite crucial in the calculation. Four raindrop size distributions, namely Exponential distribution, Gamma distribution, Lognormal distribution and Weibull distribution, shown in Table 1 , are used to discuss its effect on polarimetric phase shift. Figure 2 shows the effect of raindrop size distributions on the ∆φ´R relation using four different distributions at the L1 (1575.42 MHz) frequency of GPS signals, with a distribution of the canting angles of 0˝with a standard deviation of 0˝. It can be found that when the rain rate is less than 40 mm¨h´1, the difference of the polarimetric phase shift at different raindrop size distributions is almost the same, while along with a larger rain rate, it becomes obvious. Therefore, it is required to obtain the characteristics of the local raindrop size distribution in advance. Also, a disdrometer or a polarimetric radar must be used to get more details on the raindrop size distribution during a field experiment. 
Effect of Rain Path Length
The rain path length is an important factor to calculate the polarimetric phase shift from Equation (3). Figure 3 shows the effect of the rain path length on the ∆φ´R relation over a range of rain path lengths at the L1 (1575.42 MHz) frequency of GPS signals using a distribution with canting angles of 0˝with a standard deviation of 0˝. The calculations are performed for path lengths of 10, 20, 30, and 40 km assuming a uniform rain structure. The temperature of 20˝C is used. It can be seen that the polarimetric phase shift has increased with the increase of the rain path length. Obviously, an accurate rain path length is of vital importance to calculate the polarimetric phase shift. Additionally, the calculation model of the rain path length depends on the rain area and the geometry of the Space-Earth link (see Figure 1 in [34] ). The rain height and horizontal projection of the rain path length are needed. Rain height can be attained from the empirical formula in ITU-R P.839-2 [35] or from other methods such as radiosonde. In addition, the horizontal projection of the rain path length can be achieved from the simultaneous satellite cloud image or weather radar data. In addition, it is obvious that in order to get a larger polarimetric phase shift for the GNSS receivers, a lower elevation of the GNSS satellite is recommended. 
Effect of Raindrop Canting Angle
In the nonspherical particle scattering algorithm, the raindrop canting angle has a serious effect on the scattering properties [26] . Thus, it is necessary to take the raindrop canting angle distribution along the rain path into consideration in these calculations. In Figure 4 , the effect of the raindrop canting angle on the ∆φ´R relation over a range of standard deviations of the canting angle distribution at the L1 (1575.42 MHz) frequency of GPS signals is presented for a 20-km-long, uniformly filled rain path.
The standard deviations of the canting angle distribution are assumed as 0˝, 5˝, 10˝, and 15˝ [36] . From Figure 4 , it can be seen that when the rain rate is less than 50 mm¨h´1, this effect of the standard deviations of the canting angle distribution is quite small, while it becomes larger with heavier rain. Therefore, it is necessary to measure the microphysical property of raindrops with some instruments such as a disdrometer for estimating heavy rain. Besides, it indicates that the ∆φ´R relation can be used to estimate the rain rate at different canting angle distributions.
Effect of Temperature
In the above calculations, temperature is also an influencing factor. From Figure 5 , it can be seen that the values of polarimetric phase shift are not the same at different temperatures. When the rain rate is below 25 mm¨h´1, the effect of temperature is not obvious, but when it is above 25 mm¨h´1, the polarimetric phase shift becomes larger along with the increasing temperature. This implies that temperature is inevitable in the future rain rate measurements.
Effects of Cloud Particles
Another source of polarimetric phase shift on a Space-Earth path for GNSS signals, in addition to raindrops, is the presence of cloud particles, such as ice crystals in clouds at high altitudes and melting particles in the melting layer. So, it is necessary to assess the contributions of these nonspherical drops to polarimetric phase shift in theory.
Preliminary Assessment of the Effect of Ice Crystals
To assess the effect of ice crystals on the GNSS signals (L1 frequency), for simplicity, calculations were performed for variable columns and plates with hexagonal shapes [37] , characterized by their aspect ratios; sizes range from 0.05 mm to 5 mm in the maximum dimensions. The aspect ratio is designed to be 8, 2, 1, 0.1, and 0.05 for long columns, short columns, block columns, thick plates, and thin plates, respectively [38] . The exponential size distribution of the form
is assumed to describe the distribution of ice particles, where N 0 " 124.54 mm´1´µm´3, D 0 " 1 mm are chosen [39] . The complex refractive index of ice can be calculated from [40] . The discrete dipole approximation (DDA) is employed to calculate the single scattering properties of ice particles [28] . Thus, K DP (Equation (4)) induced by ice crystals at different shapes of ice can be obtained, as presented in Table 2 . Compared with the range of rain-induced K DP (about 0-1.5 mm¨km´1), Table 2 shows that ice-induced K DP is quite weak. This may be due to the fact that the number concentration of ice particles is sparse at high altitude, which can be seen in Equation (5). Therefore, the effect of ice crystals can be neglected. 
Preliminary Assessment of the Effect of Melting Particles
A physical model of the melting layer of precipitation can be seen in the study by Zhang [41] , which enables us to simulate the polarimetric characteristics of GNSS signals propagating through the melting layer. This physical model mainly contains the vertical distribution of the concentration and type of melting particles. However, the differences in this simulation are the shapes and distributions of these particles. They are ice-water concentric particles, with a core of ice and a mantle of water, and elliptical shapes with an axis ratio of 0.8 are assumed. The Gamma raindrop size distribution (in Table 1 ) is used. The thickness of the melting layer is assumed to be 1420 m [41] and the layer is divided into 10 equal intervals with the mass fraction Q = M w /M (ratio of the mass melted to water in the melting particle M w to the mass of the whole particle M) ranging from 0 to 1. The DDA is also used to calculate the single scattering properties of melting particles with the shapes of two concentric ellipsoids. Thus, the polarimetric phase shift induced by the whole melting layer can be obtained from Equations (3) and (4) . Figure 6 shows the polarimetric phase shift induced by the whole melting layer for rain rates from 1 to 150 mm¨h´1 at L1 (1575.42 MHz). In Figure 6 , along with the increasing rain rate, it shows an upward trend, finally reaching the highest point of 1.06 mm. Compared with the rain-induced polarimetric phase shift (Figure 1 ), the effect of melting particles is obvious, which is a kind of error and should be eliminated in the future data processing. Therefore, some information such as the base and depth of the melting layer, calculated from polarimetric radar data, TRMM satellite data or Cloudsat satellite data, is essential to assess the contribution of melting particles. 
Effects of the Ionosphere
Firstly, the effects of the ionosphere on GNSS signals are phase delays and amplitude fades [42, 43] . The phase delays, for a single frequency of GPS signals, have no influence on the phase shift. In most cases, amplitude fades, mainly due to ionospheric scintillations, have little effect on GPS positioning and the measurements of polarimetric phase shift. However, strong levels of scintillation can produce abrupt, severe fade in a signal level [44] , which may lead to the loss of lock. During this period, the data cannot be used.
The polarimetric characteristic is the major concern in this research. It includes phase scintillation, Faraday rotation and Cotton-Mouton effects. The phase scintillation makes a signal hard to track and may also cause the receiver to lose lock in some extreme cases. At this time, the data received should be deleted. Since the ionosphere consists of plasmas containing free electrons and there is a geomagnetic field in the ionosphere, Faraday rotation and Cotton-Mouton effects may occur for some kinds of waves [45] . However, the right-hand circularly polarized GNSS signals are not subject to Faraday rotation [46] . Cotton-Mouton effects, which are proportional to electron density and the magnetic field perpendicular to the direction of propagation, can induce phase shift between the horizontal and vertical components of a wave. Thus, this can change its polarization shape. The phase shift of the GPS L1 frequency by the ionosphere is estimated by the calculation model in Gaudio et al. [45] . The International Geomagnetic Reference Field (IGRF) model [47] and International Reference Ionosphere (IRI)-2007 [48] have been used. The latitude and longitude of Nanjing (32˝N, 119˝E) and 8 August 2015 are taken as an example here. The incidence angle of 10˝is assumed. In these conditions, the phase shift is 0.0092˝, which is so small that the polarization shape is still right-hand circular polarization. This may be due to the fact that the magnetic field is quite weak. In summary, except for the period of extreme ionosphere scintillation, the ionosphere has little effect on the rain rate estimation.
Conclusions
This study has shown the theoretical analysis of measuring the rain rate based on the polarization parameter of GNSS signals, the polarimetric phase shift ∆φ. Importantly, the ∆φ´R relation of GNSS signals can be performed by the physical-mathematical model. The numerical results in this study reveal that the ∆φ´R relation is feasible for estimating the rain rate. Furthermore, the effects of raindrop size distribution, rain path length, raindrop canting angle and temperature have been discussed. Comparison of these related figures indicates that rain path length is the principal parameter to take into account, raindrop size distribution is also quite essential, and temperature is a much more significant parameter than the variance of the canting angle. Furthermore, the effects of ice crystals, melting particles and the ionosphere have also been estimated. It is found that the effect of ice crystals is literally negligible, while the contribution of melting particles should be considered, and though the effects of the ionosphere are small, the ionospheric anomalies cannot be neglected in experiments. To our knowledge, the results of polarimetric phase shift of GNSS signals for the rain rate at different rain path lengths, raindrop canting angles and temperatures have never been presented before.
From the above methods, the polarimetric phase shift depends mainly on the specific differential phase (K DP ), which has several advantages. As the GNSS signals propagate through the rain-filled medium, K DP is independent of receiver and transmitter calibrations, not affected by attenuation and not biased by ground clutter cancellers [49] .
Since the GNSS measurement of rain rate by polarimetric phase shift is a novel method, it may be doubted whether it will work in practice. Polarimetric phase shift, namely phase change information, can be measured by horizontal and vertical antennas. Furthermore, the current GNSS receiving and data processing system can measure the phase change precisely at the magnitude of millimeters in the carrier phase positioning or GPS radio occultation detection [50, 51] .
Considering the detectability of the polarimetric phase shift, a longer rain path length and a lower elevation of the GPS satellite are suggested in application. A series of experiments are being designed to verify this theory.
